This study clarifies the effect of thermal deformation in the reconfigurable space reflector system, through a series of experiments in thermostatic chamber using a prototype of reconfigurable space reflectors. This study then discusses possible countermeasures against precision degradation of such system due to the thermal deformation, exploiting a linkage model and a finite element method model. Though reconfigurable reflector systems have the mismatch in the coefficient of thermal expansion among their structural members, the effect of the mismatch may be minimized by using monometallic mechanism design, and a proper combination of several materials.
Introduction
Large and highly accurate antenna systems in space are required for radio astronomical satellites that observe celestial objects in the frequency over 100 GHz. For large antenna systems, deployable structures are often used, but it is difficult to realize a highly accurate shape after deployment in space. Thus, as one of solution methods, active shape control of the reflector for correcting wave-front error in space have been discussed by various researchers.
1−7)
The current authors have studied active shape-control of space secondary reflector, in order to correct the wave-front error by the distortion of primary reflector 8) , as shown in Fig. 1 . Figure 2 shows the prototype of reconfigurable secondary reflector. In this prototype, the smart actuators that deform the shape of the secondary reflector consist of a piezoelectric actuator and a displacement magnification mechanism, as shown in Figs. 3-5. As actuators, mechanisms which have frictional parts are often used. In order to reduce the friction, solid lubricants are used in space. However, the characteristic of solid lubricants tends to deteriorate soon. Thus, it is difficult to use mechanism which have frictional parts in active shape-control system. For high accurate active shape-control, piezoelectric actuators, which can be repeatedly used, are useful.
However, the piezoelectric elements in the piezoelectric actuators typically have much lower coefficient of thermal expansion (CTE) than other structural elements. This mismatch of CTE causes the thermal distortion, and may affects the control performance. Therefore, it is important to study the effect of This study aims at clarifying the effect of CTE mismatch in the prototype of space reconfigurable secondary reflector, and proposing some design improvements. In order to achieve these objectives, this study takes the following steps. First, Section 2 explains the prototype and the problems of the prototype, identified through the finite element method (FEM) analysis of the prototype and the experiment using the thermostatic chamber, reported in the preceding studies.
9) Section 3 then describes a design of a monometallic displacement magnification mechanism as a first step for solving the problem clarified in Section 2. For the design evaluation, a linkage model, an FEM model, and an actual prototype are used. Section 4 evaluates a proposed solution for thermal distortion caused by CTE mismatch. Structural members of different kinds of metal are installed into the the smart actuator to cancel the CTE mismatch, and evaluated by a linkage model and a FEM model integrated with the reflector. Figure 2 shows the prototype of the reconfigurable secondary reflector system. 8, 9) This reconfigurable secondary reflector, developed for a preliminary investigation, has six smart actuators. This number of smart actuators is not sufficient to deal with multiple deformation modes, but is sufficient to evaluate the performance of the smart actuator itself. Based on the evaluation using this preliminary model, an appropriate number and locations for upgraded smart actuators will be determined in subsequent studies. Figure 6 shows a hyperbolic aluminum reflector with slits. Six slits are made in order to avoid the buckling of the reflector when the smart actuators apply forces on the reflector in the out of plane direction. The reflector's diameter is 200 mm and thickness is 0.5 mm.
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Prototype of Reconfigurable Secondary Reflector
Overview of prototype
Prototype of smart actuators
For the observation frequency over 100 GHz, the actuation requires approximately a millimeter stroke and the order of 100 µm RMS (root-mean-squared) shape accuracy. The actuator (height 140 mm, width 60 mm, thickness 15 mm) consists of a displacement magnification mechanism and a piezoelectric actuator made by Piezomechanik GmbH, as shown in Figs. 3-5. The piezoelectric actuator generates approximately 0.1 mm displacement at the tip driven by the voltage of 150 V, when no external load is applied. Then, the small displacement of the piezoelectric actuator is magnified approximately 10 times by the displacement magnification mechanism. The magnification of the displacement is realized by the principle of leverage, as shown in the linkage model of Fig. 5 . In order to generate highly precision displacement, elastic hinges, which have no friction, are used as the hinge parts.
First, the performance of the smart actuator was experimen- Figure 7 shows the result in case that the tip of smart actuator was free. The maximum displacement is over 1.0 mm and the displacement path is quite repeatable. It is seen that the relation between the input voltage and the displacement at the tip of the smart actuator is non-linear and the path at the voltage increasing phase is different from the voltage decreasing phase (hysteresis). These are the typical characteristics of piezoelectric actuators. In addition, the individual differences among the smart actuators do not meet the required precision.
Experimental evaluation of thermal effects in a thermostatic chamber 2.3.1. Overview
A series of experiments were conducted to evaluate the thermal effects on the smart actuator.
9) The experiment consists of three steps. First, the temperature dependency of the displacement characteristics of the smart actuator is observed. Second, the temperature dependency of the displacement characteristics of the piezoelectric actuator only is observed. Finally, the temperature dependency of the displacement characteristics of the reflector system including six smart actuators is observed. 
Experimental system
The experimental system is shown in Fig. 8 . The thermostatic chamber made by Espec (available temperature range : −45
• C -160
• C) was used. In all experiments, temperature range was set as −10
• C -50
• C, which corresponds to the operating temperature range of the laser displacement sensors. The data were collected at −10
• C, 10
• C, 30
• C and 50
• C. Same as the measurement of the smart actuator in a room temperature, the displacement was measured with the laser displacement sensor as shown in Fig. 9 . The input voltage to the piezoelectric actuator was increased from 0 V to 150 V in increments of 10 V, and decreased from 150 V to 0 V in decrements of 10 V.
rmProblems identified in the experiment
The problems identified in the experiment are shown in Figs. 11, and 12. Figure 11 shows the displacements at the tip of the smart actuator, measured at −10
• C and 30
• C. Because of characteristic of the piezoelectric actuator, the tip displacement and the hysteresis depend on temperature. Figure 12 shows the experimental result and FEM analysis results. The red plot is the displacements of the reflector on the locations of the smart actuators from the displacement in 27
• C measured in −10 • C, 10
• C when the input voltage is 0 V. It shows a large displacement at the smart actuator's tip even at the 0 V input. In order to clarify the reason, the other plots are the displacements of the support and the smart actuator analyzed by FEM model. When the temperature is higher than 27
• C, the displacement of the reflector is caused by the thermal expansion of the support, and the tip of the smart actuator is separated from the reflector. On the other hand, when the temperature is lower than 27
• C, the displacement of the reflector is caused by the smart actuator. The displacements of over 1.0 mm by the temperature change is caused 
Problem of the prototype
The problem of the prototype and the countermeasures of the problem are as follows.
(1) The individual differences do not meet the required precision. Thus, the exact management of the screw torque and the decrease of the number of the parts are required. (2) The relation between the input voltage and the tip displacement of the smart actuator is non-linear and there is hysteresis. And the tip displacement and the hysteresis depend on temperature. Thus, a piezoelectric actuator with a strain gage is considered now. (3) There are the thermal distortion due to CTE mismatch. Thus, the adjustment of CTE of the structures is required.
Evaluation of Monometallic Displacement Magnification Mechanisms
Overview
In order to reduce the effect of CTE mismatch, the adjustments of CTE of the structures are desired. But it is difficult because the smart actuators of the prototype have many parts. This section shows the evaluation of monometallic displacement magnification mechanisms. The advantages of these mechanisms are as follows.
(1) Individual differences can be reduced by reducing the number of the parts. (2) It is easy to adjust CTE by the equalization of materials and can reduce the effect of CTE mismatch. Due to the above reasons, these mechanisms were designed, fabricated and evaluated.
Problem of a monometallic displacement magnifica-
tion mechanism First, the monometallic displacement magnification mechanism of the form very similar to the displacement magnification mechanism of the first prototype was considered as shown in Fig. 13 . As the material, SUS304 which is a common stainless steel, is used. In order to evaluate the performance it was analyzed by FEM (a commercial FEM software, ABAQUS/Standard). Figure 14 shows the boundary conditions. The bottom is fixed completely, and 0.1 mm displacement, which is the maximum displacement of the piezoelectric actuator, is added where the piezoelectric actuator is fitted. Figure 15 shows the result. The displacement is smaller than 1.0 mm and the maximum von Mises stress is over 255 MPa, which is the yield stress of SUS304. 
Sensitivity analysis
In order to solve the problem, the sensitivity analysis was performed. The parameters which are used here are the eight values (b, c, α, β, γ, t 1 , t 2 , t 3 ) used for a theoretical formula and the thickness of elastic hinges. The formula of magnification ratio A derived from the linkage model as shown in Fig. 16 is as follows.
The evaluated values of the results are the displacements (over 1.0 mm), the maximum von Mises stress (smaller than 255 MPa), and reaction force on the piezoelectric actuator (smaller than 3000 N which is the maximum force of the piezoelectric actuator). In this paper, Figs. 17-21 show the results about two values in order to solve the problem in the previous subsection. For the case of β, larger β results in larger displacement, and also in larger maximum von Mises stress, as shown in Figs. 17, and 18. The cause is because the upper 
Fabrication
Using the result of the previous subsection, the authors actually designed and fabricated the monometallic displacement magnification mechanism with a wire cut electric spark machine. Figure 22 shows the prototype (height 140 mm, width 65 mm, thickness 15 mm), and Fig. 23 shows the test result (same as the method described in subsection 2.2). This authors are successful in fabricating the monometallic displacement magnification mechanism which has high reproducibility. The maximum displacement is 1.024 mm. On the other hand, the maximum displacement is 1.064 mm in analysis. In order to improve the accuracy of the analysis, the model is required to consider the relationship of the piezoelectric actuator between voltage, displacement and generating force.
Reduction in the Mismatch of the Thermal Expansion Coefficient
Overview
In this section, one of possible solutions for thermal distortion due to CTE mismatch is explored for the prototype of the reconfigurable reflector. The design approach is to cancel the effect of CTE mismatch by combining another component made of a different material. This section discusses the material selection, using the simple linkage model.
Thermal displacement of reflector backside and actu-
ator tip presented by linkage model In order to reduce the effect of CTE mismatch, a design is explored where the thermal displacement of reflector backside and actuator tip coincide. Figure 24 shows the linkage model. For combining another component, a base plate of a material is inserted inside the actuator as depicted in Fig. 24 . The thermal displacement of the support ∆H a can be represented as
The thermal displacement of the actuator ∆H b can be represented as
Selection of materials
Using the analytical model in the previous subsection, practical materials were selected and the required height of base plate f , was estimated. The following materials were chosen: the actuator base plate was made of aluminum (23.6 ppm/K), and all of the other structural members were made of super invar (0.5 ppm/K).The piezoelectric element (-5 ppm/K) was used. Then according to (2) and (3) if the equation
is completed, the equation
is completed. Thus when the base plate height f = 24.8 mm, the thermal displacement of the support and the actuator tip coincide.
FEM analysis
Finally, the modified actuator is analyzed using FEM. The result is shown in Fig. 25 . Because the tip of the modified actuator and the surface of the reflector have almost the same displacement in this case, the displacements of the reflector surface are shown as after modification in the plot. In the reflector before modification, even with zero input voltage, the displacement becomes larger than 1.0 mm because of CTE mismatch, when the temperature is smaller than 27
• C. On the other hand, in the reflector after modification, the displacement is as small as 3 µm. Figure 26 shows the displacements due to thermal deformation at the tip of the modified actuator and the top of the invar support. The difference in displacement between the modified actuator and the invar support is smaller than the required precision, which is approximately 100 µm RMS. In conclusion, Figs. 25, and 26 show the validity of the proposed design improvement. 
Conclusions
In this study, a series of experiments using a thermostatic chamber were conducted to clarify the thermal effects on the prototype of reconfigurable space reflector. The results of the experiments are as follows. (1) The tip displacement of the smart actuator and the hysteresis depend on temperature. (2) There are the thermal distortion due to CTE mismatch. In order to solve the problem (2), this study proposes the monometallic displacement magnification mechanism and combining several components made of different materials. The design improvement reduces the effect of CTE mismatch and the validity of the design improvements is demonstrated.
